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Abstract

In early 1959 the Bureau of Commercial Fisheries began a study to determine when,
from what direction, at what stage of development, under what conditions, and in what
quantity prejuvenile shrimp of the commercially important Psnaeus enter the extensive
Galveston (Texas) estuary. The findings were to aid in ciroumscribing offshore spawn-
ing areas and thereby provide information on the degree 1o which the progeny of shrimp
reproducing in each area ars nurtured in specific estuaries bordering the norihern
- Gulf of Mexico. |

Analysis of over 3,000 samples c¢ollected systematically during one biological year
revealed: That the frequency of sampling, although high, was insufficient to trace the
rapid onshore movement of recently hatched broods of Penaeusj that the gross horizontal
distribution of Penaeus larvae and postlarvae in the Gulf and vertical distribution of
postlarvae in (Galveston Entrance changed markedly from season to season; that Penasus
larvae, rarely ocourring within 10 km of shore, were not bottom=dwellers; and that
Penaeug postlarvae did not frequent the bottom in winter and otherwise were usually
more abundant at mid-depihs than at the bottom, For estimating density of prejuvenile
penaeids, the study's sampling scheme was ralatively efficient in controlling spatial
variation but comparatively inefficient in accounting for wide temporal variation in
organism abundance,
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REPARTITION ET DENSITE DES STADES PREJUVENILES DE CREVETTES Penaeug DANS LA
BAIE DE GALVESTOKX (TEXAS) ET LES SECTEURS AVOISINANTS DU GOLFE DU MEXIQUE
Résumé

Au début de 1959, le service des péches commerciales des Etats-Unis d'Amérique a
entrepris une étude visant & déterminer a quelle date, de quelle direction, & gquel stade
de développement, dans gquelles conditions et en quelles quantités les stades préjuvéniles
de Penaeus, crevettes d'importance commerciale, pénéitrent dans la wveste baie de CGalveston
(Texas). Ses conclusions devaient aider & circonscrire les aires de reproduction du
large, et & obtenir ainsi des renseignements sur la mesure dans laquelle les descendants
des crevettes ayant "frayé" dans chacune de ces aires se développent dans les diverses
baies de la partie septentrionale du golfe du Mexique.

L'analyse de plus de 3,000 échantillons recueillis systématiquement pendant une
année biologique a révélé les faits suivants : la fréquence de 1l'échantillonnage, bien
qu'élevée, n'a pas permis de suivre le déplacement rapide des FPenaeus récemment écloses
vers le rivage; la répartition horizontale approximative des larves et postlarves de
Penaeus dans le golfe du Mexique et la répartition verticale de postlarves dans la baie
de Galveston accusent de nettes modifications saisonnieres; les larves de Penasus, rares
a4 moins de 10 km du rivage, ne sont pas benthiques; enfin les postlarves de Penaeus ne
fréquentent pas le fond en hiver et sont par ailleurs plus abondantes & profondeur moyenne
que sur le fond. En ce qui concerne l'estimation de la densité des Penaeidae préjuvéni-
les, le mode d'échantillonnage utilisé pour l'étude est relativement bon pour mesurer
les variations spatiales de l'abondance des organismes, mais comparativement inefficace
pour rendre compte des fortes variations temporalles,

DISTRIBUCION Y DENSIDAD DEL CAMARON PREJUVENIL Penaeus
TN LA EMROCADURA DE CALVESTON Y EN EL CERCANO
GOLFO DE MEXICO (TEXAS)

Extracto

A principios de 1959 la Oficina de Pesca Comercial inicié un estudio para determinar el
periodo en que penetran en el amplio estuario de Galveston (Texas) lag formas prejuveniles
de las especies Penaeus de camardn de importancia comercial, la direccidén de que proceden, la
fage de desarrollo en que Ee encuentran, las condiciones en que estdn y su cantidad. Los
resultados ayudardn a circunscribir las zonas de desove frente a la costa, proporcionando
informacién sobre la medida en que la progenie del camardn que se reproduce en cada una df
las zonas, se alimenta en los estuarios que bordean la parte septenirional del Golfo de Me-
xico.

Fl aniligis de mds de 3.000 muestras reunidas sistem@ticamente durante un ano biolégico_
revelaron que: aunque el muestreo se hacia con frecuencia, no bastaba para-deﬁerminar el
rdpido movimiento hacia la costa de las larvas de Penaeus después de la eoclosidn; que la
distribucidén horizontal aproximada de las larvas y postlarvas de Penaeus en el Golfo y la
distribucidén vertical de las larvas en la entrada de Galveston cambiaban mucho de una tem-
porada para otra: que las larvas de Penaeus, que raramente existen a menos de 10 km de la
costa, no habitaban en el fondo, y que las postlarvas de Penaeus no frecuentaban el fondo en
invierno, abundando més en general a profundidades medias que en el fondo. En la estimacion
de la densidad de peneidos prejuveniles, el plan de muestreo del estudio era sufic%ente para
controlar la variacidn espacial, pero insuficiente para explicar la amplia variacion temporal
de abundancia de organismos. |
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1  INTRODUCTION

For nearly as long as Gulf of Mexico shrimp resources have yielded what is now our

most popular seafood, fishery bioclogists have gsought to delineate the oceanic spawning
ounds of the threse major species, namsly, the brown (Penaeus aztecus Ives), white

%i, setiferus Linnaeus), and pink (2. duorarum Burkenroad) shrimps. From numerous ob-

(= "

gcervations we may safely infer that each species passes through a similar life cycle,
which entails spawning and hatching in the littoral gone of the Gulf, mass shoreward
movement of the metamorphosing larvae, rapid growth of the young gshrimp through post—
larval and juvenile stages in estuarine nursery areas, and, within a year, their return
ag subadults to the sea where the life cyocle is completed {a.gu, Weymouth, Lindner and
Anderson, 19333 Burkenroad, 1934; and Pearson, 1939). Centers of spawning for the
three species have not been precisely circumscribed, and, as a coansequence, the spatial
relation of these centers to specifioc inshore nursery areas remains to be established,

Tn the late fiftlea the Bureaun of Commercial Fisheries Biological Laboratory in
Galveston, Texas, undertook a series of projects aimed at broadening our knowledge of
the shrimps' early life historye The first of these - the subject of this report -
wag initiated in early 1959 to determine when, from what direction, under what conditions,
at what stage of development, and in what quantity recently batched sghrimps of the genus
Penaeus enter (Galveston Bay, one of the more important nursery areas along the Qulf
coast. |

2 THE SAMPLING SCHEME

2.1 The study area

Galveston Entrance together with Bolivar Roads, a major artery for waterborne
commerce and one of two areal subdivisions established at the study's outset, is the
largest of three tidal passes connecting the Galveston Bay complex with the Gulf of
Mexico. Shoaling in the Entrance is controlled by iwo jetties,the distance betwseen
which averages just under 3 km (Fige 1)» Mean depth, excluding the area occupied by
ship channels, ia approximately 4 m; the ship channels themselves are maintaingd at
about 11 m. Surface area (within the inset of Fig. 1) amounts to almost 35 km“, Maxi-
mum predicted tide differential is roughly 0.5 m and volumetric exchange between the
bay and ocean is considerable, The other two tidal inlets are San Luis Pass 48 km to
the west and Rollover Pass 32 km to the east. In cross-seciional area both are small
relative to Galveston Entrance-Bolivar Roadse

The principal subdivision of the study area included slightly over 1,500 km® of the
Gulf lying in a semicirole with focal point at Buoy Noe 2 just outside the Entrance jet~-
ties (Fig. 1) Depths within this subdivision ranged from 0 40 18 m, the average being
about 14 me Bottom topography is unsculptured, of very shallow gradient, and virtually
free of natural impedimentis, | |

2.2 Inte:ig"itz of sani;gling

.~ To provide a network of "offshore® sampling stations from which counts of larvae
and postlarvae would indicate routes of penaeid movement into Qalveston Bay, we estab-
lished four 30-km transects radiating seaward from Buoy No..2 (Fige 1)e Numbered from
I 4o IV, each transect bisected and identified areal gectors of roughly equal size.
Positioned along each transect at intervals from the focus of 1/2, 9, 17 and 24 km were
four sampling stations. Thus, four tiers of four stations equidistant from the focus
identified parcela of water situated at inoreasing distances from ihe Entrance, At
each station, samples were collected simultaneously at each of two depths, 1¥2 and 6 m,
and occasionally on the bottom, so that every sampling day yielded not less than 32
collections. (The study began with twice the number of radiating transects and correg-
ponding sampling stations, but was reduced by one-half following the second excursion,
In the subsequent analyses, data from the first 2 sampling days were consolidated to
conform to the modified scheme described above.) |
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Fige 1 Chart of Galveston Entrance and the nearby Gulf of Mexico, showing
sampling scheme employed in each of these two subdivisions of t{he

study area,
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The Jalveston Entrance-Bolivar Roads, or "inshore", subdivision of the general
study area was further divided into outer and inner sections, identified in Fig. 1 by
Roman numerals V and VI, respectivelys In each section we established four sampling
stations using navigation dbuoys and other fixed structures as positioning aids. Sam-
ples were taken simultaneously at two depths, 1Y2 and 6 m, and infrequently at the
bottom., PBach sampling operation resulted in 16 or more collections until one-fourth
of the study had elapsed, after which the number was reduced to 12 with the elimination

of two stations in section V.

2¢3 Fregquency of sampling

Beginning 17 March 1959, and- ending 21 March 1960, the study lasted 53 wk - one
biological year. The offshore stations were occupied oncs every 9 days for a total
of 40 sampling days and 1,410 colleotions, the insh gtations once every 3 days for
a total of 113 days and 1,594 colleotions (Table I)4&/, Sampling offshore required 10
to 12 h depending on sea conditions, whereas sampling inshore took 2 to 3 h, To coun-
ter possible bias arising from diel differencesg in the vertical distribution of plank-
tonic Penaeusg, we routinely sampled {with one exception) during daylight., For a com~
parable reason most (nearly three—~fourths) inshore samples were colleoted on flood
tides or adjacent low and high stands,

2.4 Samplinz zear

Two double-rigged, Florida-type shrimp trawlers, 14 to 15 m long, provided adequate
platforms for all sampling. Sampling gear in a typical operation consisted of a pair
of high-speed plankton nets, one fished from each of the two vessel outriggers at each
of the two sampling depths, and & small otter trawl towed from a davit for sampling at
the bottom,

| 2.4.1 Description The plankton nets were of the Gulf-V deeign (U.S. Fish
and Wildlife Sarvico,_19595 40 cm {16 in) in diameter at the mouth, fitted with Atlas

flow meters, and constructed of monel cloth having 31.5 meshes per om (80 meahes/ln) and
36 percent open area (Fig. 2). Each net had an absolute open areas at the filtering -

surface 1.67 times the mouth area. Mesh width of 190 p was sufficiently small to retain
the smallest larva we expected to encounter. | | |

Thg trawl, or "try net", measured 3 ®m along the headrope, was constructed of 1V2-
cm (¥2-in bar) webbing, and had a half-meter No.l Nansen net fitted over its codend.
Its effective mouth opening was slightly leses than 2,100 om?,

- 2+.4.2 Calibration Before sampling began and at infrequent intervals during
the study, we calibrated each of the four flow metera used interchangeably in our several
Culf-V nets. The uncontrollable effects of differential clogging during calibration
- triales were obviated by simply calibrating the meters outside the nets. This entailed
mounting the four meters on a rigid bar and towing the assemdly over known distances within
the epeed range 1.4 to 1.8 m/sec (2 3/4 = 3¥2 k). Vessel speed, hence distance, was log-
god by measuring with a stop watch the amount of time it took the vessel and & trailing
buoy with combined length of exactly 30 m to paes & spot of flourescein dropped on the sea
surface from the bow of the vessel. Each trial run yielded a hypothetical estimate |

1/ In a few instances individual collections were lost due to gear malfunction or
other causes. And, where sampling on rare occasions had to be abandoned because
of equipment failure or bad weather, whatever material was collected has been
excluded from the following analyses. Every attempt was made to facilitate
statietical treatment by minimizing difficulties attributable to missing data,
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TABLE I

Distribution by subdivision, depth, and month of plankton samples
¢ollected in the vicinity of Ualveston; Texas, March 1959 = March 1960

Subdivision Galveston Entrance Gulf of Mexico

- (6-8 stations) | (16 stations)

1959

March
April
May
June
July
Auzust
September
October
November
Dacember

N UEUVAN JPID g VIR TR VoY

1960

January
february
Maroh

Subtotal

Fraquenoy Every 3 days | "Every 9 days



Fig., 2 The high-speed, all-matal, Gulf~¥ plankton net.
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of filtered water volume (distance x cross-sectional area of net mouth) and a corres-
ponding meter reading. The resulting coefficients of the regression of volume on
number of meter revolutions were used to standardize for quantitative analysis all
subsequent plankton countse Fig. 3 depicts the plot of a typical set of calibration
data. Under normal sampling conditions we assumed that the mouth of the net maintained
a perpendioular attitude relative to the direction of haul, that added resistance due
to clogging during a haul did not significantly alter rate of vessel headway (i,e4, net
speed), and that the flow meters accordingly registered only the amounts of water
actually passing - at a diminishing rate during eaoh haul — through their respective
nets. (See Buchanan-Wollaston (1911) for additional observations on the subject of

clogging and net performance)e

The volume of water filtered during each haul of the trawl was estimated by the
product of the affective oross-sectional area of the net's mouth and the distance of
the haul, as measured by the method just described,

| 2.4.3 Operation Net hauls lasted 10 min and, as stated earlier, were made
at 1Y2 m, 6 m and, infrequently, on the bottom. They originated at and proceeded in
the direction from the sampling stations indicated in Fig. 1. JMaintaining the Gulf-¥
nets at their designated sampling depthe presented mo problem; quick, vertical entry
and retrieval of the nets with the vessel stopped at the beginrning and end of every
haul precluded significant contamination of the samples.

2.5 Measurement of envirocnmental factors

By means of remote-sensing devices, vessel personnel continuously recorded water
temperature and ealinity at 3 m during operations at selected stations throughout the
study area, Whenever recording instruments became inoperable, the desired measurementis

were obtained by conventional methods.

3 REDUCTION OF SAMPLE MATERIAL -
3.1 Treatment of collactions

At the completion of a set of simultaneous hauls, members of the vessel's crew
gacured the nets in a vertical position and carefully washed the sample material into
the respective collecting "cups". PFrom here each c¢ollection went into a liter jar
containing sufficient buffered formalin to produce a Sepercent preserving solution.
After a period of settling at the laboratory, the supernatant preservative was discarded
and the sample concentratse transferred to a 250-ml bottle; enough preservative was then

readded to fill the bottle.

- Laboratory aide trained in identification and subgampling procedures sorted all
penaeid-like organisms from the numsrous plankton samples., Subsampling entailed the
examination and sorting of one or two 50-ml aliquots under a binocular microscope when-
ever an entire sample could not be scanned efficiently because of too denge a concen—
trate, Occasionally, when individual aliquots could not be processed for the same
reason, the entire 250-ml concentrates were diluted to twice (rarely three times) their
original volumes, Subsequent statistical tests showed that subsampling variation,
regardless of concentrate dilution, was negligible, All penaeid-like organisms from a
sample concentrate or an aliguot thereof were stored in a vial for later identification
and enumeration.

3,2 Identification anduéhumeratian of Penaeids

A serious problem in the final stages of sample reduction confronted us during the
early part of the study., At that time, there existed little information that aided in
the identification of larval and postlarval Penaeidae, represented locally by 5 genera
~and 12 or so species, all of which on cursory examination appear exactly alike at
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corresponding stages of early development. Consequently we had to employ coding sys-
tems by which to oclassify sample components until positive identification could be made.
Since 1960, however, a considerable amount of comparative study has resultfed in deg—
criptions and keys which facilitate identifying to genus and, in some cases to species,
littoral penaeids collected from the Gulf as protozoeae, myses, and postlarvae (3obkin,
1961; Renfro and Cook, 1963; Cook, 1966; and Cook and Murphy, 1965)s Positive identi-
fication of eggs and mauplii is still not practicable,

Po the extent that this information permitted, we satisfactorily identified the
sampled penaeids with one notable exception: It wWas not possible to saparate larval
and early posilarval brown and white shrimB, the predominant and commercially most
valuable species in the northwestern Gulf._/ We therefore combined them under the
heading Penaeus and, as necessary in interpreting the data, distinguished between them
on the basis of their expected seasonal distributions. In addition,the collections
vielded members of three other genera - Sicyonia, Trachypenaeus, and Xiphopenagus -
but, except when evaluating the sampling scheme, all subsequent discussion deals solely

with Penaeus.

After sorting to genus (or gpecies) and stage of development, subsample elements
were counted and the resulting totals adjusted to numbers per 100 m3 by the calibration

factors described earlier.

4  DISTRIBUTION OF PREJUVENILE Penaeus

We had hoped at the study's outset to sampie at the offshore stations with suf-
ficient frequency to trace the day-to-day movemeni of broods of young shrimp toward
and into Galveston Entrance, but quickly found it impractical to do so because of man-—
power limitations. Instead of sampling in ihe Gulf once every 3 days as originally
scheduled, we restricted our runs tc once every 9 days, and thereby had to forgo in-
formation on rate of inshore movement, We did obtain some indication of the seasonal
distribution of larval and postlarval Penaeus by area, depth, and siage of development,
however, and also made a few obgervations on the diel distribution of postlarvae in

Calveston Entrance.

4.1 Distribution by area and depth

Although the study's sampling coverage in space and time might be considered im-
pressive by ordinary standarde (Table I), the lack of positive results materially ham-
pered statistical analysis. The results we did obtain confirmed what many others have
observed, namely, that Penaesug shrimp larvae and posilarvas, while at times very
abundant, are nevertheless rather elusive organisms with a distinct tendency to aggre-
zate, That contagion is perhaps the most notable characteristic of their population
distributions is attested by the data in Table II, As a consequence, the standardized
counts (or their means) have been treated in the following analysis as Poisson variates
and transformed accordingly by the function

x+ /8

ag sugegested by Rao (1952), Analysis was facilitated further by grouping the data by
seasons (spring - March, April and May; summer — June through August; etce)e

To test for differences between mean sample counts from different levels of the
same source of variation, we employed with the data from our offshore sampling an
analysis of variance of transformed counts arranged in a 4x4{x4x2 factorial design;

27 Some larvae and postlarvae of pink shrimp, the other local Penaeus, may have been
included but this likelihood is considered small because adults and juveniles are
infrequently observed in the Galvesion area,
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TABLE IX

Distribution of prejuvenile Penaeus among

2,720 plankton samples collected with Gulf-V

nets in the vicinity of Galveston, Texas,
March 1959 ~ March 1960

Subdivision
Galveston Gulf of .

Organisms

pexr 100 m3
per sample

Number

O- 3
10— 19
20—~ 29
30- 39
40~ 49
50~ 593
60— 69
70~ 79
80~ 89

90~ 99
100-=109
110-119
120-129
130-139
140~149

5
v,
1
2
1
2
2
0
2

3150 1

4
6
8
2
2
2
2
0
2
6

-
-

Total 1,476 1,244 2,720

E/64
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i.0., With sample counts obtained throughout 4 mo, from four areal sectors, at four
distances from the survey's focus, and at two depths. Seasonal effects were assumed
to be fixed. Difficulties in computation arising from unequal subclass size, caused
by failure to collect a small number of samples during bad weather in March 1959 and
March 1960, were precluded by adjusting the affected counts %o the base subclass size
of 10 gamples and reducing the error degrees of freedom accordinglye.

The resulting analysis suggested that, on the average, the distribution of pre-—
juvenile Penasus approaching Galveston Entrance was nearly homogenecus (Table 1II).
Most noteworthy biologically was the significant measons X sectors interaction, which
indicated marked variation in mean numbers of prejuvenile Penaeus among areal sectors
within sach season., This peasonal change in horigontal distribution is shown graphi-
cally in Fig. 4, where it is suggested that in the spring most larvae and postlarvae
approached the Entrance from the east, whereas in the summer the preponderance
approached from the south and west. There is little doubt in our minds that in the
former case the species in quesiion was predominantly brown shrimp, in the latier,
white shrimp. This distributional pattern furthermore reflects what has since been
noted in studies of oceanic currents over the shelf of the northwestern Gulf, namely,
that during spring the net nearshore drift is to the west then gradually reverses so
that by midsummer it is to the east (U.S. Fish and Wildlife Service, 1963 and 1964 ).
The obvious inferences to be drawn from these observations are that recently hatched
brown and white shrimp utilizing the Galveston estuary as a nursery area generally
originate on spawning grounds lying to the east and to the west, respeciively. |

In a similar manner we examined the distribution of young Penasus - practically
all postlarvae - in Galveston Enirance, This analysis (Tadble Ivs, which also assumed
temporal effects to be fixed, tested the hypotheses of no differences between mean
standardized counts from each of two depths, in two areas (V and VI in Fig. 1), during
12 mo, Expected variation among units of time was again statistically significant but,
in contrast to results of the preceding analysis, the outstanding sources of variation
wors depths and the depths X months interaction. More individuals on the average at
the lower depth is interpreted to mean an increasing adaptation to the benthioc exis-
tance of older shrimp as the rapidly developing postlarvae approach and transit tidal
passes such as Galveston Entrance, Of even greater interest was a change with time in
their depth distribution, which appeared to be species—-associated. During early spring
(March-April), when the influx of brown shrimp postlarvae reaches its peak (Baxter,
1963), postlarval density was greatest at the 6-m depth, In early summer (June~July)
when the immigration of white shrimp postlarvae is maximal, postlarvae were most abun-
dant at the 1Y2-m level. This observation may reflect a difference in the behavior,
hence distribution, of postlarval white shrimp that makes estimation of their abundance
when passing through Galveston Entrance much more diffioult than in the case of brown

ghrimp postlarvae,

An attempt is made in Fig. 5 to portiray the seasonal abundance of postlarval
Penaeus as they move through Oalveston Entrance, Unfortunately, our inability to
separate the brown and white species resulted in the disiribution of each being masked.
The plotited data nevertheless tend to agree with those developed by Baxter (1963) in
the years immediately following this study. Otherwise we are unable to offer an ex-
planation -~ other than to point to vagaries of sampling — of why the fairly sirong
evidence of abundant larval and postlarval {white) shrimp offshore dwring the summer
(Fig. 4) was not paralleled by corresponding evidence of postlarval abundance in

Galveston Entrance (Fig. 5).

4.2 Distribution by developmental stage

Of more than passing interest in the search for answers to where, when, and how
intensively the shrimps of commercial importance spawn is knowledge of the digtribution
of their early life hisiory stages. It follows that delineating concenirations of the
very young and transitory nauplial, protozoeal, and mysis astages is tantamount to
locating the parent shrimps' spawning grounds. To facilitate their examination for this
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TABLE III

Analysis of variance of transformed Penaeug counts from the
Gulf of Mexico off Galveston, Texas, March 1959 - Mgrch 1960,
Zﬁﬁsio data are total prejuvenile Penaeus per 100 m” in 10
samples each at two depths, at four distances (tiers) and in
four areal sectors established radially from Galveston Entrance,
and during four seasons

m

200,24 %%
0.22
9.11

12449

D¢ 35
8.72

9425
2496

sSeasons
Sectors
Tiers
Depths

Sectors x Tiers

Sectors x Depths

Tiers x Depths

Sectors x Tiers x Depths

11- 08
20,63
2le23
16,06

(637

Error
Seagsons x Sectors
Seasons X Tiers
Seasons x Depths
Resgidual

3
3
3
1
9
3
3
9
1
2
9
3
6

Total

*# Sisonificant at 1 percent level

TABLE IV

Analysis of variance of ‘transformed Penaeus counts from
Galveaton Entrance, Texas, March 1959 -~ March 1960,
Baalc daga are average numbers of prejuvenile Penaeusg
per 100 m” in 1,4 6 samples collected syatematzcally as
gshown in Table 1

II%HHHHHIHHIHHHHHHHHHIIIII"IHIHIIIIHI%HHIHHIHHH%HHHIIIIHHHHIHHHHHHII

Months
Subaraas/Honths
Depths
Depthe x Months
Depths x Months/Subareas

Total

##* Significant at 1 percent level
% Significant at 5 percent level



Figs 4

PREJUVENILE Penaeus

Gulf of Mexico

The distribution of prejuvenile Penasus by season and areal sector
in the Gulf of Mexico off Galveston, Texas, March 1959 - March 1960,
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Fige 5 Average density of postlarval Penaeug in Galveston Entrance, Texas,

March 1959 - Marcg 1960, [Ehaded circles represent monthly mean
numbers per 100 m-,
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purpose we reduced the pertinent study data to mean standardized cournis of each develop-
mental stage according to season, distance from shore, and depth (Table V), Major
features of the resulting tabulation are: (1) the paucity of larvae (nauplii, proto-
zoeae,;and myses) during the autumn and winter; (2) the absence of larvae at the bottom
in all seasons; {3) the absence of larvae in the vpper layer and in waters closer than
10 km from shore during spring when peak shoreward movement of brown shrimp larvae is
expected; (4) the relatively great abundance of all stages at mid~depths and all dig-
tances from shore during the summer; and (5) the comparatively lower numbers of post-
larvae on the bottom during moat of the year,

Particularly interesting, in view of a prevalent theory pogtulating mass over-
wintering of brown shrimp postlarvae in nearshore waters (Kutkuhn, 1962; Temple and
Fischer, 1968; and Aldrich, Wood and Baxter, 1968), was the complete absence of
Penaeus postlarvae in our (52) bottom samples throughout the winter. One might gues- .
tion here the possibility that differential efficiency of the gear used to sample on
the bottom blassed our results, bui re-examination of the raw data showed that early
and late postlarvae of related penaeids entered bottom collections just as frequently
in the winter as they did in other seasons when Penaeus postlarvas were commonly en-
countered at the boittom, On 8 and 22 December 1959, for exampls, four and five bottom
(8 to 16 m) samples, regspectively, yielded an average of two XiEhnEenaamakrégeri poat—
larvae per 100 m3; on 20 January 1960, four bottom samples contained an average of 10
Trachypenaeus spp.postlarvae per 100 m3, These observations lead us to discount gear
selectivity as a possible source of data bias, and simply add to the confusion arising
from speculation about the fate of young brown shrimp that hatch in the autumn but do
not appear in estuaries in expected numbers during autumn and winter.

We believe it safe to say, as in the preceding analysis, that these observations
largely mirror events involving two different species. The spring counts most likely
represenied brown shrimp that originated on spawning grounds well beyond the seaward
boundary of the study area, whereas the summer counts largely represented white shrimp
whose spawning grounds were situated much closer to and possibly overlapped the study
area. If one accepts this view ss a cogent one, the distributional patterns manifested
by the data in Table V become self-explanatory. ‘

Examination of comparably treated data from the Entrance collections (Table VI)
confirms in large measure what was suggested by the data in Table V, namely, the absence
of larvae in nearshore waters (0-10 km?ﬁduring the autumn, winter and spring; the ten-
dency for postlarval density to be greatest at mid~depth during the late winter and
spring when the influx of young brown shrimp is maximal; and, because of the occurrence
of larvae close to shore and in the tidal pass during the summer, the spawning of white
shrimp not too far offshore,

4.3 Distribution according to time of day

With a single exception, all sampling throughout the study area was performed in
daylight, on the assumption that diel changes in the vertical displacement of pre-
juvenile Penaeus, if they occurred, remained essentially the same from sampling date to
sampling date., The exception occurred in late May, within a 24-h interval during which
large numbers of (white?) shrimp postlarvae passed through Galveston Entrance. In that
period and location we made two identical sampling runs, doth on flood tide, one in
bright daylight between 0900 and 1100 CST, the other in darkness 17 h later between 0400
and 0600 CST (Table VII)s Unfortunately, we did not repeat this exercise and therefore
make no claim as to the conoclusiveness of the data., But their analysis did allay some
fear that our sampling was possibly not as efficient as it should have been because it
routinely took place during that part of the day when many believed the upper 6 to 8 m
of water is generally devoid of the organisms whosa density we were attempting to
measure, Lven more convincing was a comparison of data obtained in the Gulf on 166
sampling dates when collections were taken simultaneously at three depthg - 172 m, 6 m,
and on the bottom (Table VIII)e We believe these data dispel any seriocus doubt that
failure to sample in darkness as well as in daylight, i,e., to consider light intensity
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TABLE V

Distribution of prejuvenile Penaeus in the Gulf of
Mexico off (Galveston, Texas, March 1959 - March 1969.
Zﬁata are coded average numbers of organisms per 100 m.;7

Davelopmental stage and depth of collectiions
Digstribution of
shore |
12 m é6m Bottomd 1V2m 6m {1¥2m 6 ml1¥2m € mj1¥2m 6 m Botton

Number x 10

Distanoe

from

Season

0 0 ol o 0 0
0 0 ol o 0 -
0 0 ol © 0 0
0 0 ol o ol 3
0 o 12| o T 0
0 o al o 4 0
3 0 ol 1 0 6
0 21 4 1 3 0
0 o 34| 66 16 0
0 0 ol o 0 3
0 0 ol o 0 0

_0 _o _o _o _o _9
1 1 2l 4 1

¥ Dapth T to 12 m at the 12 stations within 10 km of shore
" 15 m " " 2 e | 20 lm L4 ] "
" 15 to 16 m " " 2 " " 40 km " "

#* Provisional identification
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TABLE VI

Distribution of prejuvenile Penasus in Galveston Entrance, Texas, Harcg;%959
- March 1960, Ziﬁta are coded average numbers of organisms per 100 m-.

Da#elogmental gtage and
depth of collections

%HHHHHHHHHIHHHIHHHHH"IIIHHHHHHHHHHIIIIII
1Y2 m 6 m Bottod 1¥2m 6 m Bottom|iY/2m 6 m Bottom

Digtribution of

gamples

Season |

——— Number x 10 ——

Winter | 148 148 25 0. 0 0 37 44 18

Spring | 236 55 o o o |110 314 34

Summer | 192 198 16 o <«&1 o | 21 16 45

autwn | 144 44 22| _0 _o _o |_9 _6 _1

Comtined| 720 756 118 0 <1 o0 | s3 1214 28
TABLE VII

Comparison by depth and time of day of average numbers of Penaeus postlarvae
collected in Galveston Entrance, Texas, 25-26 May, 1960. /Number of collections
in parenthesgas

Sampling

| Combined
condition

1Y2m 6m Bottom#*

Daylight

17 (20)
(0900-1100)

12 (8) 31 (8) o (4)

Darkness

4 (8) 1 (8) 12 (4) 5 (20)
(0400-0600)

8(16) 16(16) 6 (8)

* Depth 7Y2 to 10 m

Combined
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as a variable significantly influencing vertical distribution of planktonic-stage
Penaeus, materially biassed the study's results; sampling conourrently at 1¥2 and 6 m
was evidently enough to account for variation due to diel differences in depth distri-
bution, Poesasible bias due %o differential catchability of the itwo types of gear was
also considered negligible, the rationale being that the No. 1 mesh over the codend of
the trawl was small enough (420‘p) 40 retain the smallest larva we expected to encoun~
ter, Although Temple and Fischer (1965) demconstrated changes with time of day in the
stratification of planktonic penaeids, their data are not directly comparable to ours
because they combined representatives of three other genera with those of Penaeus.

More recent work still leaves unseitled, however, the question of diel changes in
the distribution of postlarval Penaeus entering Galveston Bay. Whereas standardized
pampling every 2 h for 4 days in Galveston Entrance (April 1963) yielded, on the average,
almost twice as many postlarval brown shrimp during darkness as in daylight (V.S. Fish
and Wildlife Service, 1964), a similar study in Rollover Pass (March and April 1965)
indicated no relation between sampling success and time of day (U.S. Figh and Wildlife
Service, 1966),

4e4 Role of envircnmental faotors

Oraphiocal comparison failed 1o reveal any apparent relation between the distribu-
tions of prejuvenile Penzeus and those of temperature or salinity. Average subsurface
(3 m) temperatures closely paralleled corresponding Entrance temperatures (Fig. 6) and
the only inference we feel justified in drawing at this {ime ig that generally low
winter temperatures effectively slowed postlarval movement into and fhrough Galveston
Entrance (see Fig. 5 and 6)., Otherwise the data suggest nothing more than that salinity
in the Entrance did not materially influence the movement of postlarvae into the bay.

TABLE VIII

Distribution of Penasus larvae and postlarvae at three depths
in the Qulf of Mexico off Galveston, Texas, March 19%9 = March
1960. /Dats are total numbers or organisms per 100 m- in 498
pamples, one collected simultaneously at each depth during 166
pamplings. These samplings were aboui evenly spread over the
study year and all took place in daylight. Average depth at a
all etations in the study area was 14 mj; maximum depth at any
gtation was 17 m.

Developmental Depth
stage
1¥2 m 6 m Bottom
Humber
Larvaa¥* 63 270 0
Postlarvae 234 197 213
All 297 467 213

* Includes nauplii, protozoeae, and myses
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Fige 6 Monthly average water temperature in Galveston Entrgnee, Texas (0),

and the nearby Gulf of Mexico (O), and salinity in Galveston Entr
March 1959 — March 1960, ' R
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5 COMPUTATION OF DENSITY

Point estimation of the overall abundance of prejuvenile Penaeus as a possible in~
dication of spawning success was not a major objective of ihis study. Understandably,
it would have been meaningless to present such estimates without comparative data irom
previous years, or good prospects for their continued aoquisition in the future. But
we had designed the sampling scheme with the additional purpose of densitly estimation
in mind, and feel its statistical appraisal in this light is appropriate here,

Evaluation involved an analysis—of-variance model developed for the treatment of
data collected by multistage, or nested, sampling techniques such as the one we employed
(Anderson and Bancroft, 1952, p. 325), To simplify computations we selected those sets
of data - each met representing a sampling day -~ that contained the least number of
missing entries and in which the number of concentrate aliquots was wniformly twoe In
addition to counts of prejuvenile Penaeus, we also included in this analysis the stan-
dardized counts of all other penaeid larvae and postlarvae (Sicyonia, Trach naeus,
and Xighgenaaua) entering the aliquots. The sources of variation treated in our ap-

raigsal of the offshore sampling scheme were: collection dates (4), radiating transects
54), stations along each transect (4), depths at each station (2), and aliquots (sub-
samples) from the single collection at each depth (2)e In the Entrance survey, the
gources were: collection dates (8), subareas (2), stations in each subarea %4?, depths
at each station (2), and aliquots from the single colleciion at each depth (2)s In
both offshore and inshore surveys the number of sampling dates constituted a small
fraction of all possible dates and, accordingly, the sampling rates in the remaining
subclasses were small. Because the analysis entailed no_probability statements, trans-
formation of the Poisson aliquot counts (number per 10 m>) was UNNacessarye

The resulting analysis for the offshore sampling scheme (Table IXA) disclosed that,
agside from the large expected variability among dates, the major source of variation
was between depths, Without increasing the overall sampling rate, survey efficiency
could have been improved 15 percent by doubling the number of transects and halving the
number of stations on each, and an additional T percent by also doubling the number of
depths and halving ths number of aliquotis (Table IXB), Similarly, the sampling rate
could have been reduced a significant 25 percent with a losa in efficiency of only 3
percent had the number of stations been reduced to two per transect, the number of
depths (or samples) at each station increased to six, and the number of aliquots re-

duced to one,

The corresponding analysis for the study's inshore survey identified areae,
stations, and depths %;part from dates) as roughly equivalent sources of variation
(Table Xs. Computation of predioted variances for different combinations of survey
variables, showed that no change in the initial procedurg would have led to more
efficient sampling, or %0 a reduced sampling rate with the same level of efficiency.,
Hence the reduction in stations in subarea V from four to two early in the study did
contribute to a slight decrease in sampling efficiency,.

In the assessment of both offshore and inshore surveys, variation between aliquotis
proved negligible, Thus, countes from a single aliquot would have sufficed during rou-
tine examination of sample concentrates. Actually, only 4 percent of the 3,004 samples
examined during the study were so treated; 60 percent were processed by making counis
in two aliquots and the remaining 36 percent by examining the entire concentrate.

The foregoing analyses demonstrate the high degree of variability with time in the
density of prejuvenile penaeids. The relatively high coefficients of variation associa-
tad with the estimated mean numbers of larvae and postlarvae per unit volume (Tables
IXA and X) could have been reduced significantly only by more frequent sampling. We
believe that while control of spatial variation is essential in surveying for the
abundance of prejuvenile Penaeus, future work should consider more frequent sampling
than wag scheduled in this study if the reliability of density estimates is to be 1in-
creased to more acceptable levels.
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TABLE IX

Appralsal of scheme to sample for density of prejuvenile penaeids

in Gulf of Mexico off Galveston, Texas, March 1959 - March 1960,

As Analy 13 of variance of seleoted sampling data (number of organisms
per 10 m B: Percent increase in sampling efficiency based on
predictad variancas of mean density using indicated combinations of
sampling variables

Estimated
2

Dates

Transects/Dataa
Statiana/Transecta
Depths/Stations
Subsamplaa/Deptha
Total
| 2 2 2 2 2
- | 2 8 B 8 8 | |
3'1.63/10113 '(E) -—m +—"I:-+ 31" +-£- +—B—S-‘-0.33
4 16 64 128 256

Coaf, Var, (X) = 0,36

B
Stationa Y X XXXy

" Depths cevesesssssssnse

.
=4

1
2
3
1
1
2
3
All
1
2
3

Do
=3
=t
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TABLE X

Appraisal of scheme to sample for density of prejuvenile
penaeids in Galveston Entrance, Texas, March 1959 - March
1960t Analysis of variance og)salectad sampling data

(number of organisms per 10 m

Estimated
variance component

Source of variation Sum of squares | Mean square

Dates |

Subareas/Dates

gum 3 o

Stations/Subareas g2
St
Depths/Stations 8% = 1.29
D |
Suhaamplea/neptha | Bgs = 0,98

Total

| 2 2 2 2 2
1-0.83/10n3 8% -:P..'E +f§.‘.+'f§.’.‘.+l+j§.§ - 0.07
. () 78 16 64 128 256

Coef, Var. (X) = 0,31
& SUMMARY
In early 1959 the Bureau of Commercial Figsheries began a study to determine when,
from what direotion, at what stage of development, how many, and under what conditions,
pre juvenile shrimp of the economically important genus Penaeug enter the extensive
Galveston (Texas) estuary. The study's findings, together with the results of subse~
quent work, were to aid in circumscribing of fshore spawning areas and provide informa-

tion on the extent to which the progeny of shrimp reproducing in each area are nurtured
in each estuary bordering the northern Gulf of Mexico.

The study area consisted of two subdivisions, the Entrance itself and about 1,500
km® of the adjoining Gulf, Sampling for the planktonic-stage Penaeus proceeded synop-—
tically in both areas with Gulf-V plankton neis and intermittently with a small trawl.
The sampling scheme permitted assessment of variationsin the young shrimps' horizontal,
vertical, and temporal distribution. Limited resources precluded control of variation
due to such factors as time of day, stage of tide, and quality of environment,

Over 3,000 collections obtained during 53 wk of sampling ~ one biological year -
yielded the data on which the study was based. The more significant results of their
analysis may be summarized as follows:

(1) Despite a comparatively high gsampling frequency, once every 9 days in the
nearby Gulf and once every 3 days in Galveston Entrance, the temporal distribution of
collections was insufficient to trace the fairly rapid movement of newly hatched broods
of shrimp from offshore spawning grounds into the important Galveston Bay nursery area.
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(2) The data revealed, however, that horizontal distribution of Penasus larvae
and postlarvae in the Gulf, and vertical distribution of Penasus postlarvas in the
Enirance, changed markedly with the seasons., During the summer, most prejuvenile
Penaeus approached the Entrance from the south and west, whereas in the late winter
and early spring, most young shrimp moved in from the east. Postlarvae moving through
the Entrance in summer distributed themselves more uniformly in the water column than
dtd ::?se passing through in spring when greater numbers were encountered in the lower
strata .

(3) Except during the summer few Penaeus larvae entered collections within 10 km
of shore. Identifying each species on the basis of its expected spawning time (re Item
(2) above), we further inferred that white shrimp generally spawn in shallower water
than do brown shrimp, |

' (4)_ Failure of the sampling scheme to account for possibly significant variation
in the distribution of prejuvenile shrimp with time of day did not geriously bias the
study's findings,.

(5) Penasus larvae were never detected in collections from the bottom; rarsly did
postlarvae ocour in greater abundance at the bottom than at higher levels of the water
column; and not once during the winter were postlarvae observed on the bottom at off-

shore stationse |

(6) The data provided no evidence of a functional relationship between corres—
ponding distributions of prejuvenile Penasus and of environmental factors (specifically
temperature and salinity). |

(7) For estimating density of prejuvenile penaeids, the sampling scheme employed
in this study was relatively inefficient to the degree that it failed to account for
wide temporal variation in organism abundance. On the other hand, it incorporated
adequate control of spatial variation, although slight changes in the distribution of
sampling effort would have led to more reliadle density estimates,
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